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INTRODUCTION
A biological denitrification process, which comprises heterotrophic denitrification and autotrophic denitrification (AD), is considered an efficient technology to treat nitratecontaminated water (Su et al. ) . If plenty of organic carbon is available, heterotrophic denitrification is a very effective method. However, if groundwater lacks organic carbon, this could limit the application of heterotrophic denitrifying unless external provide organic carbon source (Smith et al. ; Sunger & Bose ) .
Alternatively, an AD process can be used to remove nitrate from drinking water sources. Organic supplementation is not required in the AD process, which leads to low biomass production, decreased risk of bacterial contamination and reduced operational cost (Sahinkaya & Dursun ) . Recently, AD processes, including sulfurbased denitrification and hydrogen-based AD, were widely studied in the remediation of groundwater and drinking water (Zhang et al. ) . Sulfide-oxidizing AD is performed by oxidizing chemolithotrophic sulfur bacteria, which are capable of oxidizing reduced sulfur compounds (S, SO, (Moraes & Foresti ) . AD could be conducted by some bacteria through using hydrogen as the electron donor, inorganic carbon as the carbon source and nitrate/nitrite as the electron acceptor in the absence of oxygen (Mao et al. ) . But the disadvantages such as sulfur-based denitrification, denitrification rate being controlled by the proportion of sulfur/limestone, which makes this technology complex and difficult to operate (Moon 
METHODS

Inoculated strain for bioaugmentation
An autotrophic denitrifying bacterium SZ28 was isolated from a sediment. Bacteria were grown in 1,000 mL bottles containing 900 mL medium. Column experiment start-up and operation
The whole experiment ran two parallel reactors at the same time, one acting as control reactor, with immobilized bacteria as the experimental group. Two parallel reactors were operated with total and working volumes of 5 L and 3.5 L.
The diameter and the total height of the reactor were 0.08 m and 1.0 m. The reactor was filled with silica sand fil-Influence of different electron donors on nitrate removal by the bacterium SZ28
The bacterium SZ28 was tested in contaminated groundwater after sterilization by adding extra Fe(II), Mn(II).
Serum bottles with 280 mL volume were filled with 250 ml medium, and the bottles were incubated at 30 W C with 10%
of inoculum (v/v).
The bottles were performed for a period of 192 h, the experiment was done in an anaerobic environment, and 5 mL samples were taken from the bottles periodically to analyse for nitrate, nitrite, Fe(II), Mn(II) and pH.
Effect of different Fe(II):Mn(II) ratio on nitrate removal
Testing of nitrate removal rate under the different Fe(II):
Mn ( (1:2, 1.75:1 and 3:1), and the HRT were set at 10 h.
Effect of HRT on nitrate removal
In this part, detection of nitrate removal efficiency under different HRT (8 h, 10 h and 12 h). In the process of the whole experiment operation, other factors were set to a specific value, the ratio of Fe(II):Mn(II) ratio was set to 5:5, the electron donor:electron acceptor ratio was set to 3:1. Operational conditions for each cycle were maintained until steady state in the Fe(II), Mn(II) and nitrate removal.
Evaluation of the optimum condition
The three single factor experiment was employed to optimize the operating variables of Fe(II):Mn(II) ratio (1:9, 3:7 and 5:5), HRT (8 h, 10 h and 12 h) and electron donor:electron acceptor ratio (1:2, 1.75:1, 3:1). The model for predicting the optimum conditions, could be expressed according to the single factor experiment. After the preliminary study, the optimum condition of factors used to the experiment.
RESULTS AND DISCUSSION
Influence of electron donor:electron acceptor ratio on nitrate removal by the bacterium SZ28
The experiment was performed by using different ratios of electron donor:electron acceptor. As shown in Figure 1 , the rates of nitrate removal were noticeably different depending on the electron donor:electron acceptor ratio The results for the removal of Fe(II) and Mn(II) were also shown in Figure 1 . The removal ratio of Fe(II) was invariable when the ratio of electron donor:electron acceptor was increased from 1:2 (49.5%) to 3:1 (100%).
However, the Mn(II) decreased was slower compared with removal of Fe(II). The maximum removal ratio of Mn(II) (49.6%) was observed with the electron donor:electron acceptor ratio was 1:2, the ratio of Fe(II):Mn(II) was 1:9.
When the electron donor:electron acceptor ratio was 1.45:1 and 3:1, the Mn(II) removal rate would be lower slightly. In the groundwater, which exhibited extremely low concentration of nutrient (low total organic carbon (TOC) and TN), only 40% Mn(II) was oxidized (Liang et al. ) . The results for the control reactor are shown in Figure 2 .
The results show that a nitrate removal ratio about 20% was obtained at whole experiment, the maximum removal ratio 
Effect of Fe(II):Mn(II) ratio
The initial nitrate concentration was 16.5 mg/L, with the HRT of reactor set to 12 h. As shown in Figure 3( Mn(II) ratio of 5:5) close to nitrate removal ratio 95.28%
(1.309 mg·L À1 ·h À1 ) when the Fe(II):Mn(II) ratio of 3:7. At the same time, the control reactor showed low Mn(II) and nitrate removal ratios (about 20% and 10%, respectively).
But compared with removal of nitrate and Mn(II), the Fe(II) removal ratio was slightly higher (about 50%). 
Effect of HRT
The nitrate removal process was sensitive to HRT, initial
HRT was set to 8 h, 10 h and 12 h. The initial nitrate was controlled to be 16.5 mg/L. After 18 days of operation, removal ratio was not extremely necessary for a higher denitrification efficiency.
The reactor performance under the optimum conditions
As shown in the three single factor experiment, the optimum conditions was suggested with Fe(II):Mn(II) ratio of 5:5,
HRT of 12 h and electron donor:electron acceptor ratio of 3:1, these conditions were used to carry out the following experiment. As shown in Figure 5 , the removal ratio of 
